cedures more feasible [1] , [2] . Due to recent advances in T2-weighted, diffusion-weighted (DW) MRI and dynamic contrast-enhanced (DCE) MRI, the selective identification of clinically significant prostate cancer has also significantly improved [3] [4] [5] . Current needle-driven MRI-guided interventions include applications in neurosurgery; biopsy and tumor ablation (breast, prostate, kidney, liver); and radiation therapy (prostate, kidney).
One motivation for real-time imaging is due to organ and target motion. In neurosurgery, entering the cranial cavity to remove tumors can cause a change in pressure leading to significant brain shift [6] . Hartkens et al. showed up to 20 mm shift in actual lesion position compared to preoperative scans [7] . Real-time imaging can help locate the most current position of tumors leading to more effective therapies. Although CT (X-ray computed tomography) can be used for guidance, it exposes the patient and surgical team to ionizing radiation and is therefore not preferred for interventional procedures [8] . The neuroArm is an MRI-compatible robot for neurosurgery that includes real-time imaging software, and haptic feedback to relay interaction forces and delineate "no-go" zones [9] . This system enables MRI-guided neurosurgery; however, it cannot determine the exact shape of tools without relying on imaging. Moreover, the real-time image is interactive, but not autonomous in sense that scan planes are not automatically prescribed to follow the tools.
Although interactive scan plane control has been used for cardiac procedures [10] [11] [12] , dynamic tool tracking and automatic scan plane control are not widely implemented in practice, and current hardware and software capabilities of MRI systems result in iterative processes of moving the patient in and out of the scanner for imaging and intervention [13] , [14] . Furthermore, clear visualization of the entire minimally invasive tool and its intended trajectory is not always available intraoperatively through MR images.
In oncological interventions, including biopsy, cryoablation, and brachytherapy seed placement, needles are used to reach targets such as tumors in the prostate. These procedures are often complicated by needle deflection due to prostate motion and interactions with surrounding tissues of varying stiffness during insertion [15] . It has been shown that the success rate for intended radioactive seed dosage reaching a target in the prostate is 20%-30% due to tissue deformation and gland motion [16] . Furthermore, most dosimetry planning systems assume a straight needle path [17] , even though this is not the case in reality. Stabilizing needles have been used to attempt to mitigate missed trajectories due to prostate motion, yet have been 0278-0062 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. found ineffective [16] . Blumenfeld et al. found that the most significant cause of placement error was attributed to needle deflection, especially for needles with an asymmetrical bevel [18] . Various in vitro and simulated studies have characterized needle deflection as a function of insertion depth, needle gauge, and insertion force [17] , [19] . When steering around obstacles, tip deflections can be up to 2 cm for a 20-ga 15-cm biopsy needle [20] . These deflections may necessitate reinserting the needle to reach a desired target.
Although real-time MR images can provide visual feedback, magnetic susceptibility artifacts makes it difficult to identify the exact tool profiles and tip deflections. Furthermore, gathering volumetric or multi-slice data is time consuming; hence, it is advantageous to directly image at the tool location. A major need in the interventional prostate therapy and diagnostic fields is a method to estimate needle deflections to allow for immediate compensation of the needle's anticipated trajectory, to improve treatment time and efficacy while avoiding increased risks to the patient.
Previously, we presented a shape sensing biopsy needle with embedded fiber optic sensors [ Fig. 1(A) ] [21] . With the sensors, we estimated the three dimensional shape of the entire profile of the needle in real-time. In this paper, we use the needle shape information to automatically control the scan plane of an MRI scanner.
Methods in active tracking of devices in MRI environments [22] [23] [24] are increasingly fast and accurate, yet these techniques have limitations in regard to line-of-sight, heating, sensitive tuning, complex calibration, and expense. The use of electromagnetic trackers [25] for position tracking is limited to a small region fixed around a magnetic source, and furthermore, may be ineffective in the MR environment. Optical tracking methods such as the Polaris system (Northern Digital Inc., Waterloo, ON, Canada) may be used in the MR-suite, however their reliance on line-of-sight make them more suitable for out-of-bore and uncluttered environments.
Other methods to track tools in MRI-guided interventions include rapid MRI [26] , MR-tracking with radio-frequency (RF) coils [23] , [27] , [28] , and gradient-based tracking (such as the Endoscout by Robin Medical Inc.) [24] , [29] . These methods are limited because they require the device to be within the homogeneous volume of the gradient fields used for imaging. Most of these tracking methods also require integration of electronic components with the interventional devices, which further increases complexity, including the need for appropriate patient isolaton. In addition, even MR-safe metallic parts may cause artifacts [30] on the MR images and lead to poor signal and/or inaccurate position information. Methods in passive device tracking have been introduced [13] in order to determine the position of interventional devices and change the scanning plane accordingly. The drawbacks to such methods include continual use of MRI scanning and bulky stereotactic frames or fiducials [14] , [31] , [32] that are attached to the interventional device. These methods generally only give point measurements of position, and are poor in determining orientation; hence, they cannot be used to estimate a tool's full 3-D profile. Furthermore, typically these technologies are too large to incorporate into a minimally invasive tool [18] . However, we show that RF coils can be useful in the registration of rigid frames of the tool external to the patient.
Current tracking methods cannot detect the bending shape of the tools in real-time, and/or assume a straight tool. Optical shape sensing overcomes some limitations associated with other approaches, including the ability to be integrated into sub-millimeter size tools, no electromagnetic interference, and no reliance on the MR imager itself, allowing for accurate real-time tool shape detection.
In almost all currently performed needle-driven procedures, the planning, adjustment and initiation of MR scans are performed manually. An autonomous method for scan plane control could enable interventionalists to perform procedures quicker, more accurately and with less risk to the patient. Time is saved when the physician no longer needs to manually image and re-image an area in an attempt to search for the tool and target. In this paper, we demonstrate the feasibility of automatically controlling an imaging plane based on a 3-D shape-sensing needle, and quantitatively show the accuracy of the estimated needle position is comparable to that found from the needle artifact in MR images.
II. METHODS AND MATERIALS

A. System Components
Image registration to anatomical landmarks is an important step in MR-guided interventions, however, there exist limited methods to register images to interventional tools [33] . Most registration methods employ rigid-body point based techniques to align pre-operative image data with patient anatomy and surgical tools [34] . Our approach is to register the rigid tool base to MR images relative to the scanner frame of reference. The registration and imaging are updated in real-time. Then, we visually display the nonrigid data including the profile of the shape-sensing biopsy needle and the patient anatomy. Based on the tool tip, we display specific planes through the needle tip. Because volumetric data is computationally expensive and time-consuming to acquire, we display only select planes of interest around the target anatomy in 3-D scanner space.
We used three MR tracking coils to define the needle coordinate system in relation to the scanner coordinate system [23] . Thus, the needle base position and orientation are always known. The fiber optic sensors provide the full profile of the needle shape and, using the MR tracking coils' data, the needle profile is transformed into scanner coordinates. Subsequently, annotations of the needle are overlaid on MR images, and scan planes are prescribed to image through the needle tip. Fig. 2 illustrates the processes involved in the current registration and scan plane control method, as well as the clinical work flow in the ideal implementation of the real-time image guided system.
In the presented experiments, the scan plane moved as to find the nearest oblique sagittal and oblique coronal planes through the needle tip, the advantage being that the tip is always in view and any changes in trajectory in relation to surrounding target tissue are easily noted. However, further investigation and user testing will be performed to determine physicians' preferred methods of viewing the planes. In the current implementation, we use a custom graphical user interface (GUI) to present the prescribed planes in 3-D based on the scanner's coordinate frame. Fig. 3 illustrates the needle inside the scanner and the relevant coordinate frames: the needle frame , the patient frame (position dependent-, with right, anterior, and superior being positive directions by convention), and the scanner frame . We describe the frequency and phase encoding directions as the axes that define the 2-D plane of the image, with the section or slice direction being equal to the cross product of . The needle shape is estimated in reference to its base, in a coordinate frame with origin at the base [ Fig. 3(A) ]. In order to change the scan plane of the MR imager based on the needle shape, first, one needs to find the transformation matrix between the needle and scanner coordinate frames [ Fig. 3(B) ]. We track the needle base position and orientation using MR tracking coils, without the need for initial calibration.
B. Shape Sensing Needle
We developed an MRI-compatible shape-sensing needle that utilizes optical fiber Bragg grating (FBG) sensors [21] . FBG sensors work by reflecting specific wavelengths from an input broadband light source. The wavelengths shift in proportion to the mechanical and thermal strain to which the gratings are subjected. These sensors have applications in force sensing [35] and structural health monitoring [36] . Medical applications have incorporated FBGs on biopsy needles, catheters and other minimally invasive tools for shape detection and force sensing [37] [38] [39] [40] [41] [42] [43] .
FBG sensors were embedded in a modified off-the-shelf MRI-compatible 18 ga biopsy needle. 1 Three optical fibers with each fiber containing two FBGs were embedded 120 apart [ Fig. 1(A) ] to measure 3-D local curvatures along the needle and compensate for thermal effects. Using simple beam theory and modeling the needle as a cantilever beam [44] , a deflection profile is estimated based on the local curvatures and assumed boundary conditions. Preliminary in-scanner tests were performed to ascertain that no imaging artifact was produced by the optical sensors and that the sensor signal was not affected by the MRI scanner. There was no statistical difference in image artifact between unmodified and modified needles, and the positional accuracy was not compromised. Details on the fabrication, calibration, and positional accuracy of the needle can be found in [21] .
A 3-D shape-sensing needle prototype was inserted in a canine model, during a study of MRI methods for transperineal prostate biopsy and cryosurgery, performed in a 3.0T MR 750 scanner (GE Healthcare, Waukesha, WI, USA). The objective of the test was to demonstrate the 3-D shape sensing ability of the needle in vivo 2 . 2-D multiplanar reformatted images along 1 Model MR1815, Bracco Diagnostics, Princeton, NJ, USA. 2 The protocol was approved by our Institutional Animal Care and Use Committee.
the plane of the needle were used to qualitatively compare with the deflection data calculated from the wavelength readings of the FBG sensors. Fig. 1 (B) shows oblique coronal and sagittal reformatted MR-images of the prostate of the test subject with the needle prototype inserted. The deflection and bend shape were estimated using the FBG sensor signals and reconstructed graphically.
Our previous work tested the benchtop accuracy and MRIcompatibility of the shape-sensing needle. In this paper, we use the 3-D shape sensing needle for autonomous scan plane control to constantly image through the needle tip. Also, we provide real-time 3-D annotation of the needle shape overlaid on MR images.
C. Tool-to-Image Registration: MR Tracking
The transformation matrix between the needle and scanner frame of reference was accomplished with three MR tracking coils embedded in a holder at the needle base. As three points define a plane, the minimum number of coils necessary to determine the needle base frame is three.
We prototyped several coil loop sizes, wire gauges, number of loops, and signal sources for the MR tracking coils, based on techniques used in literature [45] . The optimal wire size was robust yet flexible. Smaller signal sources lead to higher positional resolution. The experiments presented here used 5-mm-diameter single looped 22 ga magnet wire coils, with a 3 mm spherical water gel bead 3 as the signal source centered inside the coil.
The three tracking coils and two custom made surface imaging coils were connected to a 5-channel coil receiver box which allowed for simultaneous imaging and tracking via the GE scanner. The custom 5-channel coil receiver box had a Port A-type connector and pre-amplification circuits from GE to boost the received signal. Each coil had a protection diode and LC circuit to block current from flowing through the coils when the body coil was being used for RF transmit. The coils had BNC-type connections to the receiver box. Specific configuration files made for the 5-channel receiver allowed the scanner to use the box for research studies.
We employed an algorithm to find the best-fit plane through the three coils, while forcing the directions of the needle frame's unit vectors. In the initial, unbent state, the oblique coronal plane of best fit is described as the plane in which the entire needle is in view, with collinear with the positive frequency encoding direction, and collinear with the phase encoding direction. This plane consequently describes the needle coordinate system in terms of scanner coordinates. This type of datafitting to orthogonal vectors is a variation of the orthogonal Procrustes problem, a subset of the absolute orientation problem, and similar methods have been demonstrated in [46] and [47] . Fig. 4 shows the end-effector, which holds the embedded coils and is affixed to the needle base. The coils are numbered clockwise from 1 to 3 looking at the feet end. Using (1)- (4), we force the direction of to be from coil 2 to coil 3, and to point from the triangle base formed by coils 2 and 3 up to coil 1. Note that the final size of the end-effector was chosen to be large enough for accurate tracking of the needle frame, yet small enough for hand-held use.
The transformation matrix between the needle and scanner frame of reference was found using Hadamard encoded MR tracking of the three coils with phase-field dithering [23] , [45] , implemented with RTHawk (HeartVista Inc., Menlo Park, CA, USA). A custom server program and plugins for RTHawk made it possible to calculate the MR tracked coil positions, take in the FBG sensor data, and display 3-D images and the needle shape annotation in real-time. In the software, we controlled the center of the tracking slice to follow the center of the previously found coil positions. This way, we could decrease the tracking FOV and increase the resolution and positional accuracy of the tracked points.
The optimal pulse sequence parameters for accurate MR tracking of the needle base were set using the custom GUI, including:
cm, size 512 512, , and ms. Dithering gradients (1.4 cycles/cm) along six orthogonal directions were used to dephase bulk signal originating from outside the tracking coils [45] . The tracking speed and annotation update rate is dependent on the tracking sequence parameters and optical interrogator speed. In this case, needle shape information was sent at about 4 Hz and needle orientation was updated at about 0.6 Hz. A maximum signal algorithm was used to determine the Hadamard positions.
From the Hadamard algorithm, we know each MR tracked coil's estimated location in (R, A, S) coordinates. Then, following a single iteration method to fix a coordinate frame to three points [48] , the needle base orientation is described in scanner coordinates. Given the coil positions (for )
The needle frame's unit axes in scanner coordinates are
Hence, the needle x-axis points from coil 2 to coil 3, and the y-axis is towards coil 1 radially from the needle at the center of the triad (Fig. 4) . The needle frame origin is given by the mean point of coils 1, 2, and 3. Next, the rotation from the needle to scanner frames is given by the unit vectors just described (5) The translation from the needle to the scanner origin is given by the coils' mean point (known as the triangle center), , and the base offset, , which is the distance along between the needle base and plane of the coils (6) Therefore, the full transformation from needle to scanner frame is (7) Points along the needle, known in the needle frame from the FBG sensors, are multiplied by to get the needle points in R, A, S. Then, an annotation of the needle is overlaid on the MR images in 3-D scanner space, as shown in Fig. 5 .
D. Scan Plane Control
As mentioned, the MR tracking software describes the position and orientation of the needle base in the scanner frame, and the FBG sensors and our custom software give the needle shape with respect to its base position and orientation. Then, as the needle base is manipulated during an interventional procedure, a new transformation (needle to scanner coordinates) is known from the MR tracking coils, without the need for any calibration or initial image registration step.
The scan plane algorithm uses the one-centimeter segment at the tip of the needle, assumed to be a straight segment, to determine the new oblique coronal and oblique sagittal planes to view the needle. The assumption that the tip segment is straight was justified by observing that the orientation does not differ in this region by a significant amount unless there is a concentrated moment at the tip, which is unlikely in practice. It was determined that this tip region will experience less than 0.5% change in slope, based on beam loading calculations to cause up to 2 cm tip deflection.
For the presented scan plane method, we took the plane which contains the tip 1-cm segment that is closest to the standard coronal and sagittal planes. Furthermore, the tip segment of the needle was kept at the center of the image during needle manipulation. The algorithm to find the oblique planes through the needle is as follows.
The needle points and are at the needle tip and one centimeter along the needle away from the tip, respectively. These points are known in R, A, S coordinates. Then, is the midpoint (8) A temporary frequency encoding vector is found, that points from to
The midpoint is projected onto the coronal and sagittal planes (10)
The new phase encoding vectors point from the projected midpoints on standard planes to the midpoint along the needle tip section (12) (13) If the needle tip is more right or anterior to the needle tip, the terms in (12) or (13) are reversed, and the phase direction is from the midpoint to the respective plane.
Then, the slice vectors are found using the frequency vector defined by the needle tip (14) (15) Finally, the new frequency encoding vectors are found (16) (17) In this method, the new oblique planes keep the needle tip in view. Scan planes are chosen that cut through the needle tip and are closest to the standard sagittal and coronal planes. During manipulation, the needle will appear to move towards a target in subsequent images, and the oblique planes will not necessarily be orthogonal to each other. An alternative method which excludes (16) and (17), defines the needle tip section as the frequency encoding direction for both planes, and the closest oblique coronal and oblique sagittal planes are found, while keeping these planes orthogonal to each other. In the latter method, the needle may appear still, with objects moving towards it in subsequent images during manipulation. One can think of the encoding direction vectors for a given imaging plane, as the orthonormal coordinate frame to describe the needle tip orientation.
E. Experimental Methods
A series of in-scanner experiments were performed to demonstrate the feasibility of controlling an imaging plane based on the 3-D shape-sensing needle, and to quantitatively show the accuracy of the estimated needle position to that found from MR images. Experiments included characterizing the accuracy of the MR tracking coils in the scanner, at various positions and orientations relative to the magnet isocenter. Scan plane control is then demonstrated while bending the needle in a water bath, to clearly show the chosen image planes. Finally, we demonstrate scan plane control in an ex vivo animal model.
1) MR Tracking Accuracy due to Orientation:
The end-effector with embedded MR tracking coils was installed on a rotating apparatus as shown in Fig. 6 . The needle was attached to the end-effector, and a prostate phantom 4 was placed under the needle to simulate a nearby signal source. For tracking and imaging, the apparatus was initially landmarked at the end-effector center. The apparatus had angular markings every degree to set rotations. The coil's initial position (0 rotation) is measured with the end-effector aligned in the scanner XY plane, such that all coils are visible in a standard axial slice. Independent rotations about and were tested at to at 15 increments, and compared to the expected coil positions given the rotation about the initial position.
2) MR Tracking Accuracy due to Translation From Isocenter: Next, we tested accuracy of the tracking coils while further from the isocenter, where the main magnetic field is most homogeneous. The end-effector was fixed parallel to a standard axial plane, and moved from the center landmarked location 25 cm along in 5 cm increments and cm along Fig. 7 . Apparatus used in scan plane experiments to bend the needle while visualizing its entire length in MRI. MR tracking coils were fixed a known distance from the needle base.
. The apparatus base had grid lines every 1 cm along and every 5 cm along for translation testing.
3) Scan Plane Control in Water Bath:
The autonomous scan plane method was demonstrated in a water bath inside the MRI scanner (3T Signa MR750w 5 ), so that the entire needle could be seen in the MR images. The needle base was secured in the water bath, with the MR tracking coils fixed a known distance from the needle base. The coils were outside the water bath to prevent damage from the water (Fig. 7) . The needle was first imaged while straight, then bent via plastic screws and positioning nuts inside the water bath. For each position, the needle annotation coordinates, obtained using the FBG sensors and MR tracking coil data, were collected and compared to coordinates obtained from high resolution SPGR ( cm 5.5 cm, size 512 128, ms, ms, mm, mm) axial images that were taken every 4 mm along the needle length using the GE scanner software. A coronal plane with a clear view of the needle was manually prescribed and later interleaved with an autonomously prescribed plane in order to demonstrate that the prescribed plane qualitatively agreed with the location of the needle. The two imaging planes were set to interleave as quickly as possible so that the spins in each plane would not have enough time to recover, and hence generate dark signal bands, known as saturation bands, in the coronal image. Finally, the image obtained from the autonomously prescribed plane shows a clear artifact from the needle demonstrating whether the FBG and tracking coil data accurately describes the location of the needle.
4) Scan Plane Control in an Ex Vivo Model:
In order to show clinical relevance of the system, we demonstrated scan plane control in a ventilated ex vivo porcine model. The shape sensing needle was placed inside the model's liver. The animal was intubated and placed on a respirator such that the rib cage and internal organs moved as if in normal respiration. Due to the ventilation, the diaphragmatic excursion caused the liver to slide in the cranial-caudal direction, similar to the physiological stresses that would be on the needle during respiration, which resulted in periodic needle flexing. Scan planes were automatically prescribed to follow the needle throughout the flexing cycle. Data was gathered at two cases: release and breath hold. At breath hold, the internal pressure in the model's lung was 30 cm , and resulted in a bent needle profile. At release, air in the lungs was emptied (5 cm ), resulting in a straighter 5 GE Healthcare, Waukesha, WI, USA needle. High resolution FSPGR images ( cm, size 512 512, ms, ms, mm, mm) through the model for the two breathing cases were taken to compare the needle position as seen in the MR images to the estimated needle profile based on the optical sensors and MR tracking coils. Imaging parameters such as higher bandwidth and lower echo time were chosen as to minimize needle artifact while providing a clear image of the liver and internal organs. The FSPGR images were reformatted into 3-D multi-planar reconstructions (3D MPR) in OsiriX 6 , and points along the center of the needle artifact were chosen and compared to the needle annotation points. A supplementary video of this procedure is provided with the online article.
III. RESULTS
The end-effector with the needle attached was rotated and translated as described in the Methods and Materials section. At least 50 tracked points were collected per data set (approximately 30 s). During the acquisition, each component (R, A, S coordinate) of the coil positions have some uncorrelated noise. This is illustrated in Fig. 8 , which shows the trace of the actual end-effector angle as measured at each sampled point for the rotations about . In the rotation and translation tests, the positional error was calculated with respect to the expected coil position based on a given rotation or translation about the initial (zero) position. Positional error was defined as the distance between the measured and expected coil position. Fig. 9 shows the coil positions from the rotational tests as measured and expected using the mean coil position during data acquisition. The expected rotation was calculated based on the initial plane of the coils before rotation about the apparatus' axes. Table I summarizes the average standard deviation and range of the measured coil positions' (R, A, S) components for the rotation cases. The average standard deviation was 0.17 mm and the maximum standard deviation was 0.49 mm for all coils in the rotation tests. The average positional error for all coils in the rotation cases was 0.91 mm between the measured and expected positions; this corresponded to 1.20% of the expected coil positions relative to the isocenter. The maximum error was 1.92 mm or 3.09% for the rotation cases. The median difference in expected and actual angle was 0.4 and the maximum angular difference was 1.9 . Fig. 10 shows the translation results as measured and expected. Table II shows the average positional error for each set of coils in all translation cases. Coordinates are reported relative to isocenter, and as mentioned, the end-effector initial (zero) position was set such that all coils could be seen in a standard axial plane. For the translation tests, the average and maximum positional errors between each coil's measured and expected coordinates were 3.50 mm (1.33%) and 5.72 mm (4.06%).
It was hypothesized that the positional standard deviations would be smaller when a coil was less tilted from its initial alignment with the Y-axis. Therefore, under rotations about Y, coils 2 and 3 would have relatively consistent signals, and coil 1 may be slightly better due to its proximity to isocenter. For X   TABLE II  AVERAGE POSITIONAL ERRORS BETWEEN EXPECTED AND MEASURED COIL  TRIAD POSITIONS AND AVERAGE PERCENT ERRORS RELATIVE TO  ISOCENTER FOR TRANSLATION CASES rotations, it was hypothesized that the positional standard deviations would be greater for all coil positions for larger angular deflections. However, results showed that during several cases ( about Y, and and about X), coil 2 readings were very stable, with zero measurable standard deviation. However, generally, coil 3 position readings had a higher variance in most cases compared to coils 1 and 2. This suggests the signal-to-noise (SNR) was dependent on individual factors regarding each coil, diode, and receiver channel circuit. Within the range tested, rotations of the coils around isocenter made little difference in the measured positions. Translations away from isocenter resulted in higher difference between expected and measured coil locations. During testing, in order to increase SNR for the cases of Z-translation of 20 and 25 cm from isocenter, the tracking FOV was increased from 40 to 60 cm. With this adjustment, the coil was successfully tracked in all translations tested up to 25 cm along Z and 10 cm along X away from isocenter.
The intrinsic resolution of the MR images taken during scan plane control was directly calculated from the scan parameters (field-of-view, matrix acquisition size, and slice thickness). The positional uncertainty is half the resolution. The uncertainty of image points in the GRE image performed by the real-time GUI were mm, mm, and mm in the frequency, phase, and section directions, respectively, when F0V was 40 cm and mm in (f, p, s) when FOV was 60 cm. The uncertainty of the positions in the high-resolution SPGR axial images was mm, mm, and mm in the frequency, phase, and section directions, respectively.
We successfully found oblique planes adjacent to the needle based on its deflected shape as estimated from the FBG sensors. Knowing the needle's deflection, we were able to assign encoding vectors and the image center to move the scan plane as desired. For this preliminary test, half a centimeter from the tip was kept at the center of the image as a means to always keep the tool tip in view. The new scan planes and offsets were found based on the FBG sensor measurements (that estimated the needle profile) and the MR tracking coils (that estimated the needle orientation and base location). Since we used the last one centimeter of the needle tip to determine the oblique image planes, in the images acquired, this segment always appeared in the calculated oblique coronal and oblique sagittal planes.
In the water bath, the needle was bent via screws in varying amounts in both the and planes simultaneously, with tip deflections varying from 8 to 20 mm. Figs. 11 and 12 show the estimated needle profile compared to the profile as measured from the axial SPGR images for two different bending cases. The needle profile from the axial SPGR images was reconstructed using an image segmentation and Gaussian filter algorithm to automatically find the needle cross-section from the images of the water bath. In the smaller bend case (Fig. 11) , rms error between the estimated and imaged profiles was 4.1 mm, and the tip position varied by 4.0 mm. In the larger bend case (Fig. 12) , rms error between the estimated and imaged profiles was 7.1 mm, and the tip position varied by 6.3 mm. In the case of a straight needle, the rms error along the profile was 2.3 mm and tip position error was 2.7 mm. The annotated needle shape in the real-time GUI also gives insight as to how the scan plane followed the bent needle's tip segment as expected (Fig. 13 ). In the 2-D images acquired from the RTHawk embedded GUI, the saturation band in the oblique coronal image can be seen, indicating the position of the interleaved oblique sagittal slice (Fig. 14) .
In the ex vivo test, in the breath release case, the tip position error between the needle as seen in the high resolution 3-D MPR images and the estimated needle annotation profile was 4.6 mm. In the breath hold case, the tip position error was 5.9 mm.
The average needle artifact (measured as a width across the center of the needle) in the real-time GRE and high resolution SPGR images was 4.7 mm and 4.1 mm, respectively. The average artifact at the needle tip was 5.2 mm and 6.3 mm in the real-time GRE and high resolution SPGR images. In the reformatted 3-D MPR images from the ex vivo test, the average artifact across the needle diameter was 8.8 mm. We did not attempt to estimate errors that could potentially be introduced by nonlinear gradients. 
IV. DISCUSSION
To our knowledge, this is the first effort to integrate strain sensors on a biopsy needle to monitor its bent shape in realtime, such that tool shape detection and tracking is decoupled from imaging. This is also the first report of the use of optical FBG sensors to measure mechanical strains of a needle during MR imaging for autonomous scan plane control. Our approach uses miniaturized sensing elements embedded into the interventional tool itself and does not necessitate continual scanning for tracking the needle shape.
FBG sensors are flexible, small, and light, making them ideal for integration in minimally invasive devices such as needles, probes, and catheters. In addition, the glass-fiber technology is intrinsically MRI compatible. FBGs can be further miniaturized (as small as 40 m diameter), and can be used in interventional devices for tracking in conjunction with other imaging modalities such as ultrasound (US) and computed tomography (CT). Costs of FBGs and increasingly small optical fiber cables are dropping, enabling the use of the technology in disposable medical devices [49] . Due to the robustness of the fibers, these sensors are also easily sterilizable either by autoclave, ethylene oxide, ultra-violet radiation, or other methods [50] .
The algorithms used to calculate the real-time views based on strain measurements from the FBG sensors and tracking measurements from the RF coils, resulted in the expected images in planes adjacent to the needle. Visually, the images are centered as expected in the water bath tests (Fig. 13) . The average rms error between the needle profile as seen in the MR images and as estimated by the sensors was 4.2 mm for bending cases up to 20 mm tip deflection; this is less than the artifact at the needle tip measured in the high-resolution SPGR images (6.3 mm). Also, in the ex vivo tests, the average tip error (5.2 mm), is much less than the needle artifact in the high-resolution reformatted images (8.8 mm). Although the high resolution images were obtained as soon as possible after the ventilator was held, some change in pressure in the duration of image acquisition may have led to larger tip position errors when comparing image data to tracking and shape-sensing data. More accurate measurement of the needle position from artifact data may be obtained from criteria established by prior studies [51] . As reported in [21] , the error in shape estimation relative to the needle base calculated from the FBG sensors is submillimeter-up to 0.38 mm error for deflections up to 15 mm. Therefore, the major cause of positional error is due to the MR tracking coils. Since the needle appears in the controlled planes as expected, and the estimated needle shape is within the needle artifact as seen in the images, this accuracy appears to be sufficient for interventional procedures.
The FBG interrogator 7 used in these tests sampled at 4 Hz, allowing for fast updates of needle shape information. Images were obtained every 0.96 s per slice without updated orientation tracking, or 2.52 s per slice when interleaved with MR tracking. This speed seems sufficient for use in real-time interventions. However, we have the ability to shape-sense at much faster speeds ( kHz) with different interrogators, and play back shape-sensing data at video frame rates (60 fps). Feedback from clinicians using the prototype for phantom, ex vivo, and in vivo target tests will help inform whether the tracking update rate is sufficient.
When tracking without imaging, the sampling frequency was selected to be as quick as possible to allow for an appropriate spatial resolution ( mm) variation in our tracking position. When combined with imaging, the tracking sequence had to be further slowed down to allow for steady-state conditions to be reached in the imaging and tracking sequences to prevent imaging artifacts. Hence, the sequence is currently optimized for accuracy in tracking and undisturbed image quality. Future work includes optimizing the sequence for the ideal update rate for specific procedures as recommended by clinicians.
In the case that tracking speed needs to be improved, lower readout bandwidth could be used to complement the reduction in SNR that a reduced TR could cause. Our use of four Hadamard encoding directions should be sufficient to account 7 DSense, IFOS, Santa Clara, CA, USA for any off-resonance effects that can be associated with the lower bandwidth readout. Improvements to the peak detection algorithm include curve fitting to the expected Hadamard positions.
A possible contribution to the positional error due to the needle shape estimation is sensor drift of the nominal wavelengths (under no mechanical strain) of the FBGs. A drift in the nominal center wavelength would lead to incorrect strain measurements, and consequently, incorrect 3-D profile estimation. The amount and time period of drift is interrogator dependent and needs to be further characterized. Automated passive tracking of the needle tip position has been described based on detection of the needle artifact in MR images [52] , [53] . While speed and accuracy is limited by this intrinsic MR-only approach, it is not sensitive to drift. However, purely MRI-based navigation methods can introduce much larger placement errors, due to the size of the needle artifact [54] . An on the fly calibration method to account for drift may be useful in the future.
Errors in the MR tracking positions can be attributed to the actual setup in the rotation and translational apparatus, and to varied SNR for each coil circuit. In our experiments, the FOV for tracking is fixed to the center of the triangle formed by the three tracking coils. A smaller FOV with the same number of readouts will give better resolution of the tracked points. However, SNR is worse when the FOV is small. When the coils were more than 20 cm from isocenter we had to increase the tracking FOV. However, this did not seem to affect accuracy of the tracked points for the translations tested. It can be assumed that the needle tip will not be more than 10 cm away from the target when tracking is desired, so the translations tested are relevant for clinical applications. During procedure, in order to minimize large deviations in the needle annotations due to noise from the MR tracking coils (Fig. 8) , filtering can be used to smooth and average several gathered coil points before calculation of the needle base position and orientation.
In theory, tracking coils that are further spaced apart lead to better base position and orientation accuracy. As [55] shows, lower target registration error results from fiducial markers that surround the target. Such configurations would be difficult to achieve, as the position of additional tracking coils need to be known relative to the scanner bed, or extended from the rigid tool base in some manner. Furthermore, there is a practical limit to spreading the coils in order to keep them in an accurate region for tracking around the scanner isocenter. Although we have constraints on the end-effector size and weight, there is room for additional MR tracking coils on the current end-effector for improved tool to image registration. Our current hardware setup was limited to five receiver channels (three for tracking coils and two for surface imaging coils). However, to increase tracking accuracy, a receiver box with more channels for tracking coils could be used.
It remains to be seen if the accuracy of the needle tip estimation compared to the needle artifact is clinically beneficial. A potential experiment could be performed in phantoms with different lesion sizes to see how small of a lesion we can target.
Measurements of the final location of the needle can be obtained from CT scans to prevent the inherent needle tip artifacts present in MR images.
V. CONCLUSION
Automatic scan plane control with a sensorized needle has potential for application in many areas of needle-based minimally invasive procedures including biopsy, brachytherapy, tumor ablation with injectables (e.g., alcohol), interstitial laser theromotherapy, and cryosurgery. The sensing technology can augment current work in MRI-compatible robots with kinematic position and orientation sensing capabilities [9] , [14] , [32] , [56] in order to provide more spatial information about the interventional tool itself. We have developed and validated a system that allows independent and accurate tracking of a flexible needle to directly drive the scanner's imaging plane during MRI-guided interventions. The average positional error of the estimated needle as compared to high resolution MR images in the water bath tests was 4.2 mm, which is comparable to the needle artifact and within the size of clinically significant tumors to be expected during procedure.
We will investigate whether there is beneficial synergy in using needle artifact data [52] to re-calibrate the optical position model without removing the needle from the patient. An extended Kalman filter (EKF) approach may be used to take the measured needle base position and orientation (from an instrumented holder), the estimated needle profile (the from FBG data), and the needle as it appears in the MR images, to update the optical model and maintain its accuracy during the procedure. User interface testing will confirm design assumptions on the preferred method to follow and display the tool in the MR images.
